In-situ transmission electron microscopy (TEM) has been performed to observe decomposition process of sodium alanate (NaAlH 4 ) in this work. NaAlH 4 was ground in a glove box under inert gas, and then it was transferred into microscope without exposed to air by Plastic Bag Method. The results of in-situ electron beam diffraction showed that NaAlH 4 decomposed to Na 3 AlH 6 + Al, and NaH + Al during heated up to 150, 200°C, respectively. Moreover, we obtained the result of high resolution (HR) TEM images about the decomposition of NaAlH 4 by high voltage electron microscopy (HVEM) of 1250 keV. It showed that the porous structures appeared with increase of temperature. This should be from structural defects and/or cavities due to volume change of the phases. It was also shown that Na 3 AlH 6 and Al particles with the grain size of several ten nm were irregularly distributed near the pores.
Introduction
Complex hydrides, such as NaAlH 4 and LiBH 4 , are regarded as one of the promising candidates for hydrogen storage materials because of their high gravimetric hydrogen density [1] . Since the report by Bogdanovic and Schwickardi, which demonstrated the catalyst effect of Ti-dopants in the hydrogen absorption and desorption properties of NaAlH 4 [2] , a lot of research works on NaAlH 4 have been reported all over the world. Hydrogen is released from NaAlH 4 via the following two reversible steps; 3NaAlH 4 ↔ Na 3 AlH 6 + 2Al + 3H 2 Na 3 AlH 6 ↔ 3NaH + Al + 3/2H 2 . NaAlH 4 has a total hydrogen capacity of 5.6 mass%, in which first and second reaction devotes 3.7 mass% and 1.9 mass%, respectively. In-situ X-ray powder diffraction was performed to understand the phase transition and the crystal structural change during the thermal decomposition of NaAlH 4 [7] . With respect to catalyst in NaAlH 4 , some reports indicated that the Ti-dopants were reduced to the catalytically active zerovalent state of titanium during the doping process [3] [4] [5] . On the other hand, it can be assumed that the location of reaction events is at the phase boundary between Al particles and NaH, Na 3 AlH 6 or NaAlH 4 phases [4, 6] . It was also suggested that some chemical association of Ti and Al probably existed after several absorption and desorption cycles [4, [8] [9] [10] [11] . The microstructure of NaAlH 4 with TiF 3 additive has been investigated by using TEM, SEM and EDS, which showed there was no significant change in the grain size of Al after 15 cycles [10] . So far a lot of investigations on NaAlH 4 have been reported: nevertheless, the decomposition mechanism of NaAlH 4 and the role of Ti catalyst during the hydrogen absorption and desorption have not been completely clarified yet.
In this work, we observed the decomposition process of NaAlH 4 by in-situ high voltage electron beam microscope (HVEM) in order to understand the dehydrogenation mechanism. It is quite important to clarify the dehydrogenation mechanism of NaAlH 4 itself for understanding the catalysis mechanism of Ti-additives in NaAlH 4 . High-resolution TEM (HRTEM) imaging, which is used as a unique technology to obtain micro-characterization in atomic level, is mostly utilized to be one of the best tools to analyze defects in materials. In addition, we carefully performed TEM observation, because NaAlH 4 is not stable to electron beam irradiation so much, and also performed several experimental methods such as "glove box" and "Plastic Bag Method" for obtaining trustworthy experimental data.
Experimental
NaAlH 4 powder was purchased from Aldrich. In order to avoid the reactions between NaAlH 4 and O 2 /H 2 O in air, all processes in preparing the samples were handled in the glove box filled with purified argon. NaAlH 4 powder was dispersed on Mo grid after ground for two minutes with an agate mortar by hand, and then the grid was set into the sample holder of HVEM. In-situ HVEM observation was performed by using JEM-ARM 1300 with accelerating voltage of 1250 kV at Hokkaido University in Japan. For transferring the sample holder from the glove box into HVEM, we set up Plastic Bag Method. In Plastic Bag Method, firstly the sample holder is sealed into a plastic bag under argon gas in the glove box, and then the holder is connected to HVEM. Before setting the holder into HVEM, the gas purge of the connected part with argon gas was carried out. By this method, we can minimize contamination from the reaction of sample and air. On the other hand, in order to minimize the knock-off damage and heat damage caused by the irradiation of electron beam in HVEM, the intensity of electron beam was limited during the observation. In-situ observation at the temperature range from R.T.
to 200 °C was carried out by using the heating holder in HVEM. We obtained selected area electron beam diffraction (SAED) patterns and bright field (BF) images at R.T., 100 °C, 150 °C, and 200 °C. Especially at R.T., 150 °C, and 200 °C, HRTEM images were analyzed by using software Digital Micrograph (Gatan, Inc.). Figure 1 shows SAED patterns at R.T., 100 °C, 150 °C, and 200 °C. NaAlH 4 was identified in the patterns at R.T. and 100 °C. This indicates no decomposition occurs up to 100 °C. At 150 °C, the patterns were identified as Na 3 AlH 6 and Al, which were the phases after proceeding of first reaction (1). NaH and Al, which were the phases after proceeding of second reaction (2), were identified at 200 °C. The phases identified at each temperature are summarized in Table 1 . From the results of SAED, we confirmed the decomposition of NaAlH 4 occurred by in-situ HVEM. If we perform TEM experiment without Plastic Bag Method, sodium oxide and sodium hydroxide are observed in the results. It can be recognized that Plastic Bag Method is quite effective to avoid the reaction of NaAlH 4 and air. 3NaAlH 4 → Na 3 AlH 6 + 2Al + 3H 2 (1) Na 3 AlH 6 → 3NaH + Al + 3/2H 2 (2) Figure 2 shows BF images of the particle with diameter of around 200 nm at R.T., 100 °C, 150 °C, and 200 °C. There is almost no difference in the results at R.T. and 100 °C, which means that no reaction occurred up to 100 °C. These results are consistent with the results of SAED. In the images at 150 °C and 200 °C, several pores with diameter of around 10 nm were observed in the particle. Here, we can propose several possibilities to explain about the appearance of porous structure. One is due to volume change of the phases through two steps decomposition. The other is emission of hydrogen molecular, which might make some voids, and/or structural defects with increase of temperature. In Table 1 , relative values of theoretical volume at each step are shown. Compared to "NaAlH 4 " at R.T., the volume of "Na 3 AlH 6 + Al" and "NaH + Al" becomes smaller. This indicates the particle should shrink or the density of the particle should become low. In the images, the particle size seems almost no change with the increase of temperature, that is, the density of particle become low. This would cause the appearance of pores. Therefore we are considering that the appearance of pores is due to volume change of the phases.
Results and Discussion
HRTEM images and FFT, IFFT images at R.T., 150 °C, and 200 °C are shown in Figure 3 . In the HRTEM images, we found lattice images from several phases. For obviously recognizing the phases, we performed image analysis by Digital Micrograph. At R.T., all phases are identified as NaAlH 4 , so this result is completely consistent to the SAED result as well.
Because the result at 100 °C is same as that at R.T., we don't show it here. At 150 °C, the phases of Na 3 AlH 6 and Al were identified as shown in Figure 3 (b) . The mean grain size of Al, which seems to be located in Na 3 AlH 6 matrix, is several ten nm. This result shows that several Al grains are generated from one NaAlH 4 matrix during the first reaction (1) to Na 3 AlH 6 . It is indicated that not only H atoms but also Al atoms diffuse in the Na-Al-H matrix to form the phases of Na 3 AlH 6 + Al with hydrogen desorption. At that time, Na atoms don't move so much.
Similar phenomenon occurred at 200 °C, as shown in Figure 3 (c). Several grains of Al, which size is ~20 nm, appeared in NaH matrix. During the second reaction (2), Al grain was not grown up, but the number of Al grain was increased. Figure 4 shows a schematic during two steps dehydrogenation to explain the mechanism. Firstly, NaAlH 4 transforms into Na 3 AlH 6 + Al with hydrogen desorption. In this process, Al atoms move from NaAlH 4 matrix to be several Al grains with the size of several ten nm, moreover, porous structure with the size of around 10 nm is locally formed due to the volume change. In second process, the number of Al grain is increased, in which the grain size of Al doesn't change so much. Totally, it is indicated that Al and H atoms diffuse more than Na atoms in dehydrogenation process. This is first report on in-situ observation of decomposition of NaAlH 4 by HVEM. We obtained the microscopic information about dehydrogenation mechanism of NaAlH 4 itself. For understanding rehydrogenation mechanism and catalysis mechanism of Ti-dopant in NaAlH 4 , further research works are necessary.
Conclusion
In-situ TEM observation has been performed to clarify the decomposition processes of NaAlH 4 . From SAED patterns, it was confirmed that the decomposition with two steps of NaAlH 4 occurred with increase of temperature. The dehydrogenation starting temperatures of the first reversible decomposition reactions is around 150 °C and it is elucidated that the second reaction finished at 200 °C. Several pores are observed with proceeding of the dehydrogenation reaction. We are considering that this appearance of pores is due to volume change of the phases.
From HRTEM images, lattice images of NaAlH 4 at R.T., Na 3 AlH 6 + Al at 150 °C, and NaH + Al at 200 were identified, then it is indicated that Al and H atoms diffuse more than Na atoms in dehydrogenation process. In addition, Plastic Bag Method was useful to minimize the pollution from air to the sample.
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